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The elastic properties of ZnO nanoﬁlms with diﬀerent ﬁlm thickness, surface orientations and loading directions are
investigated by using molecular mechanics (MM) method. The size dependence of elastic properties is relevant to both
the ﬁlm surface crystallographic orientation and loading direction. Both atomic structure analysis and energy calculation
are employed to identify the mechanisms of the size-dependent elastic properties, under diﬀerent loading directions and
surface orientations. Upon small axial deformation, the relationship between intralayer and interlayer bond length varia-
tion and ﬁlm elastic stiﬀness is established; it is found that the atomic layers with larger bond length variation have higher
elastic stiﬀness. The strain energies of atomic layers of ZnO nanoﬁlm and bulk are decoupled, from which the stiﬀness of
ﬁlm surface, intralayers, and interlayers are derived and compared with their bulk counterparts. The surface stiﬀness is
found to be much lower than that of the interior layers and bulk counterpart, and with the decrease of ﬁlm thickness,
the residual tension-stiﬀened interior atomic layers are the main contributions of the increased elastic modulus of ZnO
nanoﬁlms.
 2007 Elsevier Ltd. All rights reserved.
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Due to their unique electrical and mechanical properties, nanowires and nanoﬁlms have attracted consid-
erable interest with potential applications such as chemical/biological sensors and active components in both
electronic and electromechanical devices. When the material dimension approaches nanoscale, a signiﬁcant
variation of mechanical properties can be observed comparing with their bulk counterpart owing to the high
surface-to-volume ratio (Chen et al., 2006; Cuenot et al., 2004; Li et al., 2003; Nilsson et al., 2004; Wong et al.,
1997; Wu et al., 2005). Cuenot et al. (2004) reported that the Young’s moduli of Ag and Pb nanowires increase
dramatically with decreasing diameters. However, investigations on Cr and Si nano-cantilevers showed that0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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the results given by Wong et al. (1997) and Wu et al. (2005), the moduli of SiC nanorod and Au nanowire are
essentially independent of the diameter. Besides experimental investigations, theoretical analyses are also
employed to extract the overall mechanical response of nanostructures, which mainly includes atomistic sim-
ulation (Koh et al., 2005; Kulkarni et al., 2005; Liang et al., 2005; Segall et al., 2002; Shenoy, 2005; Zhou and
Huang, 2004) and continuum mechanics modeling (Broughton et al., 1997; Chen et al., 2006; Miller and She-
noy, 2000). By using molecular dynamics simulation (MD), Koh et al. (2005) reported that the Young’s mod-
uli of Pt and Au nanowires increase with diameters until they approach to that of the bulk.
Among various nanowires and nanoﬁlms, ZnO is a versatile and attractive material, which has emerged as
an important component in nanoelectromechanical systems (NEMS) and biomedical devices because of its
semiconducting, piezoelectric, and biocompatible properties (Wang et al., 2004). Recent experimental studies
on ZnO were also contradictory: Chen et al. (2006) reported that when the diameter is less than about 120 nm,
the Young’s modulus for ZnO nanowire is signiﬁcantly increased with decreasing diameter; however, other
groups’ results showed no obvious size eﬀects for the Young’s modulus of ZnO (Bai et al., 2003; Song
et al., 2005; Yum et al., 2004). The results from the MD simulation of Kulkarni et al. (2005) showed that with
the increase of diameter of ZnO nanowire, the Young’s modulus and ultimate tensile strength decrease.
In order to fulﬁll their promising applications, the size dependence of the mechanical properties of nano-
structured materials needs to be suﬃciently understood, which is primarily caused by the surface eﬀect. The
atoms on the surface have diﬀerent coordination numbers, which cause the bonds of surface atoms to relax
and afterwards, the bond length may increase or decrease so as to reduce the system potential energy. Sun
et al. (2002) found an empirical relationship between the bond length variation and bond energy, and they
assumed that the surface modulus should be higher than their bulk form. Inspired by such stiﬀening eﬀect
of surface, various continuum mechanics models were also developed. Bazˇant and Guo (2005) developed a
boundary layer model to interpret the size dependence of the yield stress of metallic thin ﬁlms, where the ﬁlm
was subdivided into two layers: a boundary layer and an inner core, and the stress–strain relationship of the
entire ﬁlm equals to the average of both parts. In this model, they argued that the boundary layer is inﬂuenced
by the epitaxial eﬀects of crystal growth on the dislocation density and texture, which causes signiﬁcantly ele-
vated yield strength and thus the yield stress of thin ﬁlm increases with the decrease of ﬁlm thickness. Recently,
Chen et al. (2006) also employed a core-shell composite structure model to explain the size-dependent elastic-
ity of ZnO nanowires, in which the nanowire is divided to a cylindrical core having a bulk modulus and a
coaxial shell having a diﬀerent surface modulus, and the elastic modulus of the nanowire can be expressed
a weighted average of both components. By ﬁtting this model with experiments, the surface modulus was
found to be about 1.5 times of elastic modulus of bulk ZnO.
Despite the previous studies, numerical or theoretical evidence that correlates the size-dependent elastic
property of nanoﬁlm or nanowire with the presumed surface stiﬀening eﬀect is still lacking. In addition, the
eﬀects of both surface crystallographic orientation and loading direction remain unclear. A comprehensive
investigation of the surface properties of nanomaterial is therefore necessary, which may validate or improve
existing theoretical models.
In this paper, by using molecular mechanics (MM) simulations, we explore the size dependence of elastic
property in ZnO nanoﬁlms, by incorporating both the eﬀects of loading direction and surface orientation.
There are four most common surfaces for a ZnO single crystal: the non-polar ð2110Þ and ð0110Þ surfaces
and the polar zinc-terminated (0001)-Zn and oxygen-terminated ð0001Þ O surfaces. Although stabilized
polar surfaces are observed in experiments (Dulub et al., 2002; Parker et al., 1998), these surfaces are unstable
and cannot exist in atomic simulations based on ionic model (Meyer and Marx, 2003; Tasker, 1979). There-
fore, only the non-polar nanoﬁlm surfaces are investigated in present work.
2. Computation methods
In the present work, the ZnO nanoﬁlms are studied instead of nanowires based on the following reasons: (1)
the width of nanobelts reported in previous experiment (Pan et al., 2001) is about 30–300 nm, which implies
that such specimen behalves more like a ﬁlm than a wire; (2) a nanowire may involve interactions between two
pairs of surface orientations that are coupled with each other, which makes it diﬃcult to explore the eﬀect of a
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corner have a very high potential energy which may cause partial melting of the corner and thus inﬂuence the
elastic property of nanostructure. In addition, although it is more realistic to study the mechanical properties
of nanoﬁlms at a room temperature, the temperature eﬀect is not considered since the main purpose of this
paper is to show the size-dependent elastic property of nanoﬁlm as well as the eﬀects of loading direction
and surface orientation, whereas the random thermal ﬂuctuation under ﬁnite temperature may generate uncer-
tainties of the system potential energy which makes it very diﬃcult explore the intrinsic size eﬀect of
nanostructures.
In all MM simulations carried out in present paper, the atomic interactions are modeled by using the COM-
PASS forceﬁeld (Condensed-phased Optimized Molecular Potential for Atomistic Simulation Studies) (Sun
et al., 1998), the ﬁrst and only ab initio forceﬁeld. A semi-ionic model is used to simulate metal oxides, where
the interaction between any pair of atoms that are not immediately contacted (bonded) can be expressed by
the general non-bond terms, including the van der Waals energy, EvdW, and the Coulomb electrostatic energy,
ECoulomb, as:Enonbond ¼ EvdW þ ECoulomb; ð1Þ
ECoulomb ¼
X
i>j
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; ð3Þwhere the charge parameters (q) are partial charges which can be determined from ab initio data, depending on
the elements and their oxidation states. rij is the i–j atomic separation distance, and r0ij is the equilibrium i–j
atomic distance ﬁtted from quantum mechanics calculations. The Eward sum was used to deal with the Cou-
lomb interaction in the current work; it avoids the typical problems associated with the use of a cut-oﬀ radius
and there is no need for switching or shifting functions. The van der Waals terms represent the weak non-bond
interactions, and the cut-oﬀ distance for van der Waals interaction is 9.5 A˚. For atoms that are directly con-
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is a continuous switching function which transfers the short range Morse function to a long range dispersion
function, a and b are parameters ﬁtted from quantum mechanics calculations. The electrostatic and Morse-
dispersion terms represent the ionic and covalent contributions, respectively. The COMPASS forceﬁeld has
been shown to fairly accurately predict the crystal structures (cell parameters and atomic coordinates), elastic
constants, lattice energies, and vibration frequencies (phonon dispersion curve at K = 0) of many metal oxides.
More details of the parameters used in the forceﬁeld can be found in Sun et al. (1998) and the numerical sim-
ulations are carried out by using the commercial software Materials Studio (MaterialsStudio, 2005).
The single crystalline, wurtzite-structured ZnO with lattice constants a = 3.249 A˚ and c = 5.206 A˚ is
selected as the initial structure, by repeating the unit cell in three-dimensions to construct the bulk or nano-
ﬁlm’s computational cell with controllable size. The bulk ZnO material is simulated by using a periodic com-
putational cell, and the x, y, and z directions of the computational cell are set to align with the
½0110; ½2110; and½0001 crystallographic orientations, respectively, and three loading directions along x,
y, and z axes are used in simulation. The computational cell of nanoﬁlm has the same alignment of x–y–z axes
as that of bulk ZnO, but the periodic length in the thickness direction is over 20 times larger than the ﬁlm
thickness in order to account for the ﬁnite ﬁlm thickness. Films with surface crystallographic orientations
ð0110Þ and ð2110Þ are subjected to uniaxial loadings along the x, y, and z directions. In addition, for each
Table 1
The dimensions of computational cell of bulk ZnO under diﬀerent loading directions
Loading direction Dimension (nm)
½0110 (x) ½2110 (y) [0001] (z)
[0001] 1.1217 0.9715 5.2261
½0110 5.6085 1.0451 0.9715
½2110 1.1217 4.8595 1.0451
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show the size eﬀect, speciﬁed below.
For both bulk ZnO and nanoﬁlms, the initial structures are optimized using MM, such that the total poten-
tial energy is minimized and the net force acted on atoms is zero. The dimensions of undeformed bulk and ﬁlm
specimens are tabulated in Tables 1 and 2, respectively. In all numerical cases, convergence study is carried out
to verify that the calculated elastic properties are independent of the computational cell size. In MM simula-
tions, axial loading (tension or compression) is imposed by gradually varying the computational cell size in the
loading direction. Subsequently, the atomic bond length and angle throughout the computational cell are
changed, which signiﬁcantly increase the system potential energy. By potential optimization, the averaged
atomic spacing along the loading direction varies, which leads to axial deformation of the material. In order
to account for the eﬀect of Poisson’s ratio, the lateral dimensions of bulk computational cell are optimized
after each loading step; whereas for nanoﬁlm, only one lateral dimension of computational cell (the other
dimension is much larger than ﬁlm thickness) needs to be optimized.
Denote L as the original cell size and DL the displacement, both along the axial (loading) direction. The
total energy of computational cell is Utot before deformation, and its variation DUtot upon deformation
can be regarded as the system strain energy. In this study, the strain energy of all structures is calculated within
a uniaxial strain (e = DL/L) of ±0.5%. When DUtot is ﬁtted as a polynomial function of e, both the linear and
higher order terms are relatively small comparing with the dominant quadratic term. The elastic modulus of
the nanoﬁlm or bulk is the second derivative of strain energy density:Table
The diEtot ¼ 1V tot
o2DU tot
oe2

e¼0
; ð6Þ2
mensions of computational cell of ZnO ﬁlms under diﬀerent loading directions (shaded items represent the variation of thickness)
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tween the lateral strain and axial strain, and averaged as the axial strain e varies between ±0.5%.
3. Initial atomic structures of ZnO
3.1. ZnO bulk
In a bulk ZnO crystal, each Zn atom is bonded with four O atoms, and each O atom is also bonded with
four Zn atoms, that is, the coordination number is 4. Fig. 1a shows the atomic structures of bulk with three
diﬀerent surface orientations. There are two characteristic Zn–O bond lengths, 1.974 and 1.979 A˚, and two
characteristic bond angles, 108.737 and 110.199, all shown in Fig. 1b.
3.2. ZnO nanoﬁlm
For ZnO nanoﬁlm, since the coordination number of surface atoms is 3 (as opposed to 4 for the atoms in
the interior), the bonds of surface atoms relax in order to reduce the system potential energy. The variation
trends are given in Figs. 2 and 3, respectively, for ð0110Þ and ð2110Þ surface orientations, elaborated below.
3.2.1. Nanoﬁlms with ð0110Þ surface
The ﬁlms with ð0110Þ surface studied in this work include 4–32 atomic double layers, with the thickness (t)
in the range of 0.9–8.8 nm. Comparing with their bulk form, there is a small reconstruction on the surface of
nanoﬁlms, shown in of Fig. 1c, where the ﬁlm is viewed from ½0110; ½2110; and½0001 (or x, y, and z)
directions, respectively. There are two types of Zn–O bonds in the ﬁlm: (1) intralayer bonds along the
[0001] direction (Bond I, drawn as solid line in Fig. 1d); (2) interlayer bonds (Bond II, sketched as dash line
in Fig. 1d). In Fig. 2, the bond variation percentage with respect to their bulk counterpart (c.f. Fig. 1b) is cal-
culated. In Fig. 2 (and also Fig. 3), when the atomic layer number (i) is an integer, the bond referring to is
intralayer with i = 1 counted from the surface; otherwise when i is not an integer, the bond belongs to an inter-
layer between neighboring atomic layers, for example, i = 2.5 means the interlayer bond between atomic layers
2 and 3.
From surface to interior, the intralayer Bond I varies from large contraction (around 6% in the surface
layer at i = 1) to small stretching (about 0.2% at i = 3), and then converges to a slightly stretched state for the
inner layers (a zoom-in of the cases with i > 4 is shown in the insert of Fig. 2). Similarly, the interlayer Bond II
also varies from contraction (about 2.2% for i = 1.5) to stretching (about 2% for i = 2.5), and then
approaches to a slightly stretched state for inner layers (i > 4.5). For both Bond I and Bond II, when the ﬁlm
gets thicker, near the surface the bond contraction is more obvious, whereas in the interior layers the bond
stretching is smaller. In addition, accompanied with the bond length variation, the distance between adjacent
atomic layers is also changed. Comparing with bulk material, there is about 20% reduction for the distance
between the ﬁrst and second atomic layers, and away from the surface of thick ﬁlms, the interlayer distance
converges to bulk value very quickly.
Although the atomic bonds of ﬁlm surface undergo contraction, the in-plane dimension of nanoﬁlm is in
fact larger than that of their bulk material, and such enlargement is more obvious with the decrease of t. The
in-plane dimensions of diﬀerent nanoﬁlms are given in Table 2 for optimized computational cell: for instance,
as t is decreased from 8.7888 to 0.9204 nm, the dimension of nanoﬁlm in z-direction varies from 5.2276 to
5.2476 nm (the bulk value is 5.2261 nm in Table 1). Such conﬂiction can be explained by the variation of bond
angle when t is varied: comparing with bulk material, there is about 6–8% bond angle increase for atoms near
the ﬁlm surface (for \Zn2O1Zn2, \O2Zn1O2, and \Zn2O1Zn1 in Fig. 1d). Therefore, the eﬀect of bond angle
increment overcomes the bond contraction, and the projected in-plane dimension of atomic bonds is increased
along the length and width directions of the computational cell, leading to surface expansion in nanoﬁlms
(which is more prominent for thinner ﬁlms) and has profound impact on the mechanism of size eﬀect, analyzed
below.
From the insert of Fig. 2, the bond lengths of interior atomic layers (i > 3) are larger than their bulk coun-
terpart although such diﬀerence is quite small, and the diﬀerence is even smaller when t is increased. Likewise,
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interior atomic layers of a nanoﬁlm is essentially unchanged. Due to interlayer coupling, the surface layer can-
not fully expand to its ideal (fully relaxed) size, and the constraint from interior atomic layers leads to an extra
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1736 G. Cao, X. Chen / International Journal of Solids and Structures 45 (2008) 1730–1753intralayers – both stress components are superimposed on the intrinsic residual stresses of the atomic layers of
bulk. Since the residual stress of bulk intralayer is tensile (see Section 6.2), the ﬁnal surface residual stress of
nanoﬁlm may be positive or negative, depending on the extent of surface expansion; in any case, the ﬁlm sur-
face residual stress is more compressive than that of the bulk, and within the nanoﬁlm, the residual stress of
interior atomic layers is more tensile than that on the surface. The surface expansion also leads to moderate
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and the eﬀect of surface extension becomes smaller, and thus the in-plane dimensions of ﬁlm gradually con-
verge to that of bulk, validated in Table 2.
3.2.2. Nanoﬁlms with ð2110Þ surface
The ﬁlms with ð2110Þ surface orientation include 6–48 atomic layers, with the thickness ranges from 0.8 to
7.6 nm. Comparing with their bulk form, the small surface reconstruction is shown in Fig. 1e, where the ﬁlm is
viewed from ½2110; ½0110; and½0001 (or y, x, and z) directions, respectively. In this case, there are three
types of Zn–O bonds with diﬀerent length: (1) intralayer bond along [0001] direction (Bond I), (2) intralayer
bond along the direction with 60 relative to [0001] (Bond II), (3) interlayer bonds (Bond III).
Away from the surface, Bond I transits from contraction (about 5.9% at i = 1) to stretching (about 0.4%
at i = 3), and then converges to a slighted stretched state for the inner layers (the zoom-in for i > 3 is given as
insert in Fig. 3). The variation of Bond II is similar to Bond I, except that the surface contraction is slightly
smaller and interior stretching is a bit larger. The interlayer Bond III is in contraction near the surface (about
1.5% for i = 1.5), changes to tension in the next interlayer (about 1.5% at i = 2.5) and ﬁnally converges to a
stretched conﬁguration. With the increase of t, the variation of bond length becomes somewhat smaller. The
spacing between the ﬁrst two layers of atoms is about 8% smaller than the bulk, and such spacing converges to
bulk value after i > 6.
Similar to ﬁlms with ð0110Þ surface orientation, although the atomic bonds of ﬁlm undergo contraction,
the increase of bond angle of surface atoms (about 8% increase of \Zn1O1Zn1 in Fig. 1f) enlarges the pro-
jected in-plane dimensions of atomic bonds. Since the surface layer cannot fully relax due to constraining from
interior layers, the nanoﬁlm surface subjects to compressive residual stress whereas the interior atomic layers
are in tension; the residual stresses in the undeformed ﬁlm decreases in thicker ﬁlms.
4. Size-dependent elastic properties of ZnO nanoﬁlm
The Young’s modulus and Poisson’s ratio of ZnO nanoﬁlms (with varying t) and bulk under diﬀerent load-
ing directions are shown in Figs. 4 and 5, respectively. The Young’s modulus and Poisson’s ratio of nanoﬁlm
are denoted by EFilmi;j and m
i
k;j, respectively, where i is the surface orientation, j is the loading direction, and k is
the lateral direction (for Poisson’s ratio only). i, j, and k can be either x ¼ ½0110; y ¼ ½2110 or z ¼ ½0001.
For bulk ZnO, the Young’s modulus can be simpliﬁed as Ej and the Poisson’s becomes mk,j.
4.1. The elastic properties of bulk ZnO
The Young’s modulus of bulk ZnO calculated in our MM simulations are, Ex = 162.0 GPa,
Ey = 163.4 GPa and Ez = 163.6 GPa along loading directions [0001], ½0110, and ½2110, respectively; since
the diﬀerence is small, the averaged Young’s modulus of bulk ZnO is simpliﬁed as EBulk = 163.0 GPa in the
following sections. The Poisson’s ratio of bulk ZnO is diﬀerent under diﬀerent loading directions: the Poisson’s
ratio mx,z = my,z = 0.26 with loading direction z; my,x = 0.38 and mz,x = 0.26 with loading direction x; and
mx,y = 0.38 and mz,y = 0.26 with loading direction y. In what follows, the Poisson’s ratio of bulk ZnO is sim-
pliﬁed as mBulk1 ¼ 0:38 (in x–y plane) and mBulk2 ¼ 0:26 (in x–z and y–z planes).
Note that the Young’s moduli of bulk ZnO are reported as diﬀerent values in literature: for example
140 GPa in the [0001] orientation (Chen et al., 2006), 119.7 GPa, 156.2GPa, and 156.2 GPa in [0001],
½0110, and ½2110 orientations, respectively (Kulkarni et al., 2005), or 120 GPa in all orientations (Tu
et al., 2006). Although it is hard to explain such discrepancy, the purpose of the present paper focuses on
showing the relative diﬀerence between Young’s moduli of ZnO nanoﬁlm and bulk, and thus the absolute
value of elastic stiﬀness is less important.
4.2. The elastic properties of nanoﬁlms with ð0110Þ surface
The thickness-dependent Young’s moduli of nanoﬁlms with ð0110Þ surface are shown in Fig. 4. For ﬁlms
under [0001] loading direction, the Young’s modulus, EFilmx;z , is higher than EBulk in the current ﬁlm thickness
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½2110 loading direction, but the thickness dependence of EFilmx;y is somewhat smaller.
For ﬁlms under [0001] loading direction, the Poisson’s ratios in two lateral directions are diﬀerent:
mxy;z > m
x
x;z, and their variation trend is opposite to each other, where m
x
y;z becomes larger for thinner ﬁlms
and mxx;z is slightly smaller when t is reduced. At large t, both of them begin to converge to their bulk counter-
part, mBulk2 , shown in Fig. 5. For ﬁlms under uniaxial loading along ½2110, mxx;y > mxz;y but the diﬀerence between
them is much larger, and with the increase of t, they converge to the two bulk Poisson’s ratios, mBulk1 and m
Bulk
2 ,
respectively.
4.3. The elastic properties of nanoﬁlms with ð2110Þ surface
The ﬁlm thickness dependence of the Young’s moduli of nanoﬁlms with ð2110Þ surface are also plotted in
Fig. 4. Upon [0001] loading, the Young’s modulus,EFilmy;z , is higher than EBulk in the current ﬁlm thickness
range and it gradually decreases when the ﬁlm gets thicker and converges to the bulk value. For ﬁlms under
½0110 loading, however, the Young’s modulus, EFilmy;x , is almost the same as EBulk in the current ﬁlm thickness
range and no obvious size dependence is observed – the cause of such phenomenon is given in Sections 5.4 and
5.5.
For ﬁlms under [0001] loading direction, myx;z > m
y
y;z and they have opposite variation trend with t, moreover
they both converge to mBulk1 for thicker ﬁlm, shown in Fig. 5. When the loading is along ½0110 direction,
myy;x > m
y
z;x and the diﬀerence is larger; with the increase of ﬁlm thickness, they converge to their bulk counter
parts, mBulk1 and m
Bulk
2 , respectively.
From the results shown in Figs. 4 and 5, there is an obvious size eﬀect for both the Young’s modulus and
Poisson’s ratio for nanoﬁlms with both surface orientations (except the Young’s modulus for ﬁlm with ð2110Þ
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Fig. 5. The thickness-dependence of Poisson’s ratio of ZnO nanoﬁlms and bulk material. The ﬁlm surface orientation, loading direction,
and lateral direction are also varied.
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anisotropic single crystal.
5. Geometry analysis of deformed ZnO nanoﬁlm
In the COMPASS forceﬁeld, the strain energy mainly arises from the bond stretching energy, bond angle
variation energy and bond torsion energy, among which, the bond stretching energy is generally more prom-
inent and it can be approximated as a quadratic function of bond length variation (Chen and Cao, 2006).
Therefore, a larger bond length variation may (in general) imply higher stiﬀness. In Figs. 6–9, the bond length
variations (as the strain varies from 0.5% to 0.5%) are computed for diﬀerent ﬁlms under diﬀerent loading
directions and surface orientations. Again, the notation convention is that an integer number of atomic layer
corresponds to an intralayer (with i = 1 for ﬁlm surface), and i = 1.5, 2.5, 3.5, etc., represents the interlayer
bond variation between two adjacent atomic layers.
5.1. Films with ð0110Þ surface orientation and [0001] loading direction
With reference to Fig. 1d, for ﬁlms with ð0110Þ surface and upon loading direction [0001], the deforma-
tion involves that of intralayer Bond I (thick and thin solid lines in adjacent intralayers), interlayer Bond II
(dash line) as well as bond angle variation. When the displacement boundary condition is applied to one end
of the ﬁlm, Bond I in odd layer (thick solid line) ﬁrst deforms, which is transferred through the interlayer Bond
II and to Bond I in even layers (thin solid line), which is then carried over to the next Bond I in odd layers via
Bond II. The bond angle variation is also involved. This procedure is repeated until the deformation reaches to
the other end of the ﬁlm. In a double layer, the number of Bond II is twice of the number of Bond I.
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about 0.14–0.12% at the surface, and sharply increases to about 0.37–0.32% and then gradually converges to
about 0.3–0.25% (i > 3) with the increase of i. The Bond I length variation is larger in thinner ﬁlms. The var-
iation of Bond II is much less: about 0.08% (i = 1.5), and then ﬂuctuates and ﬁnally converges to about 0.11%
(i > 4.5) with the increase of i. There is no obvious size dependence of the Bond II length variation. The dif-
ference between the bond length variation in Fig. 6 and the overall applied strain (from 0.5% to 0.5%) is due
to the bond angle variation.
Since the bond strain energy is determined by the magnitude of bond deformation and the number of
bonds, the contributions of Bond I and Bond II to the overall strain energy should be multiplied by a
weighting factor, since Bond II is twice as many as Bond I. After applying such weighting factor (1/3
for Bond I and 2/3 for Bond II, assuming the stretching energy is uniformly distributed), the strain
energy resulting from intralayer bond is over 3 times larger than that of interlayer bond. Therefore,
the overall elastic property should be mainly dependent on the variation of Bond I; the ﬁlm surface
is much more compliant than the interior atomic layer, and the thinner ﬁlm has the higher stiﬀness than
the thicker ﬁlm.5.2. Films with ð0110Þ surface orientation and ½2110 loading direction
When the loading direction is ½2110 for ﬁlms with ð0110Þ surface, since the Bond II are interconnected
along the loading direction (Fig. 1d), the load can be mainly carried over by the deformation of Bond II
and variation of bond angles. There are two types of Bond II: the ﬁrst type, Bond IIa, is the interlayer
bond inside a double layer, i.e. between i and i + 1 where i is an odd number; if i equals to an even num-
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is perpendicular to the loading direction, it has no major contribution to the overall nanoﬁlm deformation.
The results of bond length variation of both Bond I and II are shown in Fig. 7. The variation of Bond I is
about 0.14% for surface (i = 1), and sharply reduces to about 0.06% (i = 2) and then converge to about 0.05%
(i > 3). The variation of Bond IIa is about 0.25% (i = 1.5), and then gradually converges to about 0.21%
(i > 3.5); The variation of Bond IIb is about 0.03% (i = 2.5) and converges to 0.04% (i > 4.5), which is much
less than that of Bond IIa. With the increase of t, the Bond II length variation slightly decreases.
By incorporating the fact that Bond IIa is twice as many as Bond I, the stretching energy from Bond IIa is
over 35 times larger than that of Bond I, i.e. the interlayer stiﬀness of double layer dominates the ﬁlm elastic
behavior. Although at the ﬁlm surface, Bond I variation is larger than that in interior intralayers, it does not
directly imply that the ﬁlm surface is stiﬀer than the interior layers, since Bond I is perpendicular to the loading
direction and its contribution to overall ﬁlm deformation is small.
5.3. Films with ð2110Þ surface orientation and [0001] loading direction
For ﬁlms with ð2110Þ surface, when the loading direction is [0001], the in-plane deformation can be trans-
ferred via successive deformation of intralayer Bond I and Bond II, as well as bond angle variation
(\Zn1O1Zn1, \O1Zn1O1, etc., shown in Fig. 1f). The interlayer deformation (Bond III and interlayer bond
angle variation) may not be important. The number of Bond I is same as Bond II, and Bond III is twice as
many as Bond I.
The results of bond length variations are shown in Fig. 8: Bond I variation (in particular the inner layers,
i > 1) is the largest, about 0.38–0.26% in the current ﬁlm thickness range; Bond II and Bond III have smaller
variation, on the order of 0.1% and less. The variation of Bond I is slightly size-dependent, which decreases
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layers (i > 1).
The stretching energy from Bond I is over 6 times larger than that Bond II, as well as much larger than
interlayer bond. Therefore, the overall stiﬀness of ﬁlm is mainly from the intralayer bond deformation parallel
to the loading direction (Bond I). The surface is much more compliant than interior layers, and the thinnest
ﬁlm has the highest stiﬀness.
5.4. Films with ð2110Þ surface orientation and ½0110 loading direction
In this case, both intralayer and interlayer deformation are needed in order to carry over the load (Fig. 1f),
which involves the successive deformation of Bond II and III, as well as intralayer bond angle (\Zn1O1Zn1,
\O1Zn1O1, etc.) and interlayer bond angle (\Zn1O2Zn2, \O1Zn2O2, etc.) variations. The deformation of
Bond I is less important since it is normal to loading direction.
The length variations of both Bond I, II, and III are shown in Fig. 9: Bond II (i > 1) has the larger vari-
ation, about 0.3–0.25% in the current ﬁlm thickness range; by contrast, Bond I and Bond III have smaller var-
iation, only about 0.05% and 0.1%, respectively. The bond variations at ﬁlm surface (i = 1) are also smaller
than that of interior atomic layers (i > 1), and there is no obvious ﬁlm thickness eﬀect on bond length varia-
tion, which is consistent with the non-apparent size eﬀect on elastic modulus for this type of ﬁlm and loading
direction (Section 4.3).
By incorporating the diﬀerent number of bonds (weighting factor 1/4 for Bond I and Bond II, 1/2 for Bond
III), the bond stretching energy from Bond II is over 25 times of that of Bond I and about 3.5 times of Bond
III. The overall ﬁlm stiﬀness mainly arises from the intralayer Bond II deformation and interlayer Bond III
variation, and the surface is more compliant than interior layers.
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From Figs. 6–9, the bond length variations are essentially consistent with the ﬁlm elastic properties shown
in Fig. 4. The ﬁlms with [0001] loading direction but diﬀerent surface orientations show very similar elastic
property, and the bond length variations are also very similar, shown in Figs. 6 and 8. Although the ﬁlms with
ð0110Þ surface and ½2110 loading direction show the smallest bond length variation in Fig. 7, its stiﬀness
(EFilmx;y ) is comparable with ﬁlms under [0001] loading direction (or even higher for thicker ﬁlms). This is
because, after multiplying the bond energy with relevant number of bonds, the stretching energies of Bond
IIa in Fig. 7 become similar to that of Bond I in Fig. 6, leading to close elastic moduli.
Upon loading in [0001] direction, the bond length variations become smaller with the increase of ﬁlm
thickness, which is also consistent with the trend of elastic modulus (Fig. 4). For the other two cases, ﬁlms
with ð0110Þ surface and ½2110 loading direction and ﬁlms with ð2110Þ surface and ½0110 loading direction,
their bond variation show small and no size eﬀect, respectively – both agree with the trend of elastic modulus
variation in Fig. 4. Therefore, the atomic bond length variation is directly related with the size-dependent elas-
tic property of ZnO nanoﬁlms.
For the four combinations of ﬁlm orientations/loading directions studied in this paper, three cases show
that the bond length variation at the ﬁlm surface is smaller than that of interior layers – which implies that
the surface is more compliant than interior intralayers (except when the loading direction is ½2110 and surface
orientation is ð0110Þ, where the interlayer contribution dominates the strain energy, c.f. Fig. 7). Meanwhile,
three of the four combinations show size dependence of elastic modulus (the only exception is EFilmy;x , which
corresponds to the case Fig. 9 where the interlayer contribution is necessary). It appears that whenever the
intralayer deformation energy is dominant and the surface is more compliant (Figs. 6 and 8), the residual ten-
sion-stiﬀened interior atomic layers give rise to the increased elastic modulus for thinner ﬁlms, which is veriﬁed
via energy analysis in the next section.
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insights on the size-dependent elastic properties of ZnO nanoﬁlms, as well as revealing the eﬀects of both ﬁlm
surface orientation and loading direction, more quantitative information need to be obtained from a compre-
hensive energy analysis in order to show the contributions of the surface and inner layers to the overall ﬁlm
elastic stiﬀness, discussed next.6. Energy analysis of deformed ZnO nanoﬁlm
6.1. Decoupling energies of atomic layers
Upon axial loading, the system strain energy includes three components:DU tot ¼
Xn
i¼1
DUi þ
Xn1
i¼1
DUi;iþ1 þ
X
ijj j>1
DUi;j; ð7Þwhere n is the number of atomic layers in the computational cell, DUi is the strain energy of the ith intralayer,
and DUi,j is the change of interaction energy between the ith and jth atomic layers. The second term DUi,i+1
arises from the interaction between two adjacent (i and i + 1) atomic layers, and the third term (with
ji  jj > 1) represents other interlayer contributions.
The eﬀective elastic stiﬀness of nanoﬁlm can be expressed as the second derivative of strain energy per unit
area with respect to the overall axial strain, e, at e = 0:~Etot ¼ 1S
o2DU tot
oe2

e¼0
; ð8Þwhere S is the in-plane area of the ﬁlm. From (6), the relationship between eﬀective elastic stiﬀness and elastic
modulus of the ﬁlm is simplyEtot ¼ ~Etot=t: ð9Þ
As analyzed in Section 5, while there is no net stress in the undeformed nanoﬁlm or bulk, due to the diﬀerent
coordination number at the surface, plus the strong coupling between intralayer and interlayer bond deforma-
tion, residual stress (e.g. surface stress in nanoﬁlm) may exist in any component intralayer or interlayer. For
interlayer or intralayer, the eﬀective residual stress is the variation of strain energy per unit area with respect to
the strain:~ri ¼ 1S
oDUi
oe

e¼0
ði ¼ 1–nÞ
~ri;j ¼ 1S
oDUi;j
oe

e¼0
ði 6¼ jÞ
ð10Þrespectively. The intralayer residual stresses (including that resulted from surface stress when i = 1 or n in the
nanoﬁlm) balance with interlayer residual stresses, such that the net stress of the ﬁlm or bulk is zero. For each
component layer, the eﬀective elastic stiﬀness is the second derivative of the strain energy per unit area with
respect to the strain:~Ei ¼ 1S
o2DUi
oe2

e¼0
ði ¼ 1–nÞ
~Ei;j ¼ 1S
o2DUi;j
oe2

e¼0
ði 6¼ jÞ
ð11ÞHere, ~Ei and ~Ei;j are the intralayer and interlayer eﬀective elastic stiﬀness, respectively, and their unit is (pres-
sureÆlength), same as that of the eﬀective residual stresses in this paper. If we assume that the intralayer of
atoms are plates without interactions among them, then when such composite is stretched, ~Etot would be equal
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Pn
i¼1~Ei. However, due to the coupled bond deformation between intralayer and interlayer, the eﬀective elas-
tic stiﬀness of the entire ﬁlm is:Fig. 10
[0001]
orienta
nanoﬁ
b~Etot ¼
Xn
i¼1
~Ei þ
Xn1
i¼1
~Ei;iþ1 þ
X
ijj j>1
~Ei;j: ð12ÞTo simplify the model, since DUi,i+1  DUi,j (ji  jj > 1), the contributions of the nearest-neighbor interlayer
interaction is more important than that of the non-nearest neighbors; thus, the overall eﬀective stiﬀness of the
non-nearest neighbor layers of atoms can be represented in terms of,
P
jijj>1~Ei;j  k 
Pn1
i¼1 ~Ei;iþ1. The overall
ﬁlm stiﬀness can be ﬁtted by~Etot 
Xn
i¼1
~Ei þ w
Xn1
i¼1
~Ei;iþ1; ð13Þwhere w = 1 + k is a factor that underpins the total interlayer stiﬀness based on that of the nearest-neighbor
interactions, and it incorporates the coupling between the nearest and non-nearest interlayers; the weighting
factor will be ﬁtted from MM simulations. If half of the interlayer contribution is given to the intralayer
above, and the other half given to the intralayer below, then we can also write~Etot ¼
Xn
i¼1
Ei: ð14Þ. (a) The relationship between strain energy of intralayers and interlayers vs. axial strain in bulk ZnO, under the loading direction
. (b) The relationship between strain energy of intralayers and interlayers vs. axial strain in ZnO nanoﬁlm, with ð2110Þ surface
tion and [0001] loading direction. (c) The relationship between strain energy of intralayers and interlayers vs. axial strain in ZnO
lm, with ð2110Þ surface orientation and ½0110 loading direction.
1748 G. Cao, X. Chen / International Journal of Solids and Structures 45 (2008) 1730–1753where Ei ¼ ~Ei þ ~Ei1;i=2þ ~Ei;iþ1=2 is the stiﬀness of the ith equivalent atomic layer (except for the surface lay-
ers where E1 ¼ ~E1 þ ~E1;2=2 and En ¼ ~En þ ~En1;n=2).
6.2. Energy analysis of bulk ZnO
For comparison purposes, for bulk ZnO under [0001] loading direction, Fig. 10a shows the strain energy
curves of intralayers and interlayers, where the values of DUi and DUi,j are invariant. The intralayer strain
energy, DUi, is positive under tension (e > 0) and negative under composition (e < 0) – this indicates that its
ﬁrst derivative, i.e. the eﬀective residual stress, ~rBulki , is positive; on the other hand, the interlayer strain energy,
DUi;iþ1 < 0, at e > 0 and DUi;iþ1 > 0, at e < 0. In order to balance the intralayer residual tension, the interlayer
residual compression is developed (~rBulki;iþ1 < 0), which is caused by the coupling between intralayer and inter-
layer. The summation of all intralayer and interlayer residual stress should be zero in order to maintain the
overall stress-free state of undeformed bulk ZnO.
From the second derivatives of strain energy curves, the eﬀective intralayer stiﬀness, ~EBulki ¼ 23:6 GPa nm
and the eﬀective nearest-interlayer stiﬀness, ~EBulki;iþ1 ¼ 18:3 GPa nm. On the other hand, the eﬀective elastic stiﬀ-
ness of bulk ZnO can be calculated from (8) as ~EBulktot ¼ 156:7 GPa nm (n = 6 and t = 0.972 nm for the com-
putational cell used), and thus, the weighting factor w  0.15, which means that non-nearest neighbor
interactions have an opposite overall eﬀect with respect to the nearest-neighbor interactions. The intralayer
stiﬀness accounts for about 90% of the overall bulk ZnO stiﬀness under [0001] loading direction, and the rest
small portion comes from interlayers.
6.3. Energy analysis of ZnO nanoﬁlms with diﬀerent thickness
Fig. 4 shows clear size eﬀects of the elastic moduli in three diﬀerent ﬁlms. In this section, a representative
case is chosen and a detailed energy analysis of nanoﬁlms with ð2110Þ surface orientation and [0001] loading
direction is carried out. The strain energy curves of interlayers and intralayers are shown in Fig. 10b. To sim-
plify the results, we only show the case with t = 0.803 nm, and the general characteristics are kept for ﬁlms
with other t. For the ﬁlm surface, the intralayer strain energy DU1 < 0 under tension (e > 0) and DU 1 > 0
under compression (e < 0). Thus, the surface stress is compressive ð~rFilm1 < 0Þ, which is caused by surface
expansion that has been constrained by interior atomic layers – such process is analyzed in detail in Section
3.2 along with the trend of residual stress variation as the ﬁlm thickness is varied. Subsequently, the surface
layer is more compliant than interior layers, which has been conﬁrmed from bond length variation in Section
5.3.
The surface stress must be balanced by that in the interior atomic layers. From the curves of DUi
(i = 2,3,4) in Fig. 10b, it can be seen that there is residual tension in interior atomic layers. On the other
hand, all nearest-neighbor interlayer residual stresses, ~rFilm1;2 , ~r
Film
2;3 , ~r
Film
3;4 , etc., are negative. When all residual
stresses of interlayers and intralayers are added together, the overall residual stress of the nanoﬁlm should
be zero.
For nanoﬁlms with varying thickness, the eﬀective intralayer and interlayer stiﬀness (near the surface of
ZnO nanoﬁlm) are shown in Fig. 11. The eﬀective stiﬀness of the surface layer (~Efilm1 ) is about 9.7–5.0 GPa nm
for the ZnO nanoﬁlms studied, which is much lower than the bulk intralayer stiﬀness, ~Ebulki , and it decreases
with the increase of t. All other intralayer stiﬀness are higher than ~Ebulki : ~E
film
2 sharply increases to 26.8–
29.4 GPa nm, ~Efilm3 is slightly higher than ~E
film
2 , and ~E
film
4 is essentially the same as ~E
film
3 (for the thinnest ﬁlm
~Efilm3 ¼ ~Efilm4 due to symmetry). With the increase of i (up to n/2), the increasing ~Efilmi soon approaches to a
constant once the bond structures of the subsequent intralayers are converged. As the ﬁlm thickness increases
(except the thinnest one), the intralayer stiﬀness of all layers slightly decreases and converge to that of bulk
material.
By contrast, the nearest-neighbor interlayer stiﬀness of ZnO nanoﬁlm is less than that of bulk material
(except ~Efilm1;2 of thicker ﬁlm). Away from the surface (with the increase of i), ~E
film
i;iþ1 sharply decreases from
~Efilm1;2 to ~E
film
2;3 , and then it quickly approaches to a constant once the bond structures of the subsequent inter-
layers are converged (except for the thinnest ﬁlm). As t is increased, ~Efilmi;iþ1 between the top four layers increases
and slowly approaches to the value of bulk.
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the assumption commonly adopted in the literature, the ZnO surface layer is the weakest (most compliant)
among all intralayers (Fig. 11), and its stiﬀness is even much lower than that of the bulk material. Thus,
the conventional continuum models based on the surface stiﬀening eﬀect (Chen et al., 2006; Gall et al.,
2004; Kulkarni and Zhou, 2006; Zhou and Huang, 2004) become questionable for ZnO nanoﬁlms. The higher
modulus of ZnO nanoﬁlm with smaller thickness is indeed due to the stiﬀening eﬀect of intralayers below the
surface, where the bond structure variation in nanoﬁlms leads to residual tension in sub-surface layers and
stiﬀens the nanostructure.
The relationship between residual stress and ﬁlm stiﬀness can be understood qualitatively through a one-
dimensional model. Consider a nanowire whose stress–strain relationship is nonlinear, r = Ae + Be2 with
B > 0, which applies to the ZnO under investigation and many metals due to the highly nonlinear forceﬁeld
used in MM simulations. In absent of residual stress, the strain energy per unit volume is DU ¼ R rde, and
thus the elastic modulus is d
2DU
de2

e¼0
¼ A. When residual tension is present such that the residual strain in the
nanowire is e0 > 0, as the nanowire is stretched by e, the total strain with respect to the fully relaxed state
is e + e0. Thus, the strain energy becomes DU ¼ 12A eþ e0ð Þ2 þ 13B eþ e0ð Þ3  12Ae20  13Be30, and the elastic mod-
ulus of the nanowire with residual tension is d
2DU
de2

e¼0
¼ Aþ 2Be0. It can be readily seen that the residual tension
tends to enhance elastic stiﬀness through nonlinear constitutive relationships. The model can be readily
extended to intralayers of nanoﬁlms (as long as the intralayer deformation dominates the ﬁlm strain energy,
which is consistent with the current case under investigation, see Section 5.3), and the higher the residual ten-
sile (or compressive) stress, the higher (or lower) the elastic stiﬀness of each component layer.
From Section 3.2, the surface expansion and constraint from interior layers develop compressive surface
stress, as well as residual tension in interior intralayers. The residual tension-stiﬀened interior layers are more
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is the origin of the size eﬀect in ZnO nanoﬁlms. With the increase of ﬁlm thickness, more interior atomic layers
are involved and therefore their residual tension becomes smaller, leading to smaller intralayer stiﬀness
(Fig. 11). Subsequently, the thicker ﬁlm has a smaller elastic modulus (Fig. 4). The above trend is not well
preserved for the thinnest ﬁlm in this study (t = 0.8 nm), which is possibly caused by the interaction between
two ﬁlm surfaces due to the very small t that is smaller than the cut-oﬀ distance. Such interaction will cause a
further readjustment of atomic coordinates, which leads to a larger contribution of the interlayer stiﬀness to
the overall modulus.
For the thinnest ﬁlm contains six atomic layers, the intralayer and nearest-neighbor interlayer stiﬀness are
plotted in Fig. 12. When the x-axis is not an integer, it refers to the interaction between two adjacent layers. By
using (14) one could combine the contributions of intralayer and interlayer, and the stiﬀness of each equivalent
atomic layer can also be calculated, shown in Fig. 13 (labeled as Film 1). It is readily shown that the stiﬀness of
the ﬁlm surface is much lower than that of sub-surface atomic layers, and the later contribute signiﬁcantly to
the elevated modulus as the ﬁlm thickness is reduced.6.4. Energy analysis of ZnO nanoﬁlms with diﬀerent loading directions
For ﬁlms with ð2110) surface, the moduli are quite diﬀerent with diﬀerent loading directions, as shown in
Fig. 4. With all parameters ﬁxed except loading directions, ﬁlm with ð2110) surface and ½0110 loading direc-
tion (which is termed as Film 2) is compared with that in Section 6.3 (referred to as Film 1). The decoupled
interlayer and intralayer strain energy curves are computed in Fig. 10c. The intralayer strain energies of the
ﬁlm DU1, DU2, DU3 > 0 at e > 0 and DU1, DU2, DU3 < 0 at e < 0; on the other hand, the interlayer strain ener-
gies DU1,2, DU2,3, DU3,4 < 0 at e > 0 and DU1,2, DU2,3, DU3,4 > 0 at e < 0. The trend of DU13 is opposite withFig. 12. The intralayer stiﬀness and interlayer stiﬀness, for the ZnO ﬁlm with ð2110Þ surface and thickness 0.8 nm. Film 1 and Film2 refer
to diﬀerent loading directions, [0001] and ½0110, respectively.
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[0001] (Film 1) and ½0110 (Film 2).
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sion, and the signs of residual stress in intralayers/interlayers are consistent with that of the bulk. In other
words, the presence of free surface and relevant atomic structure reorganization are not yet suﬃcient to change
the sign of residual stress (especially that at the surface) – since the eﬀect of residual stress is much smaller, its
stiﬀening eﬀect becomes non-obvious and hence the size dependence becomes less apparent.
From Fig. 12, for Film 2, although the intralayer stiﬀness of ﬁlm surface is lower than that of inner layers,
such trend is reversed for interlayer stiﬀness. In order to make a clearer comparison between Film 1 and Film 2
with diﬀerent loading directions, by using (14), the stiﬀness of each equivalent atomic layer can be derived,
shown in Fig. 13. When the contributions from intralayer and interlayer are combined, the stiﬀness of equiv-
alent atomic layer in Film 2 is smaller than that in Film 1; moreover, in both cases the surface stiﬀness is much
lower than that of interior equivalent atomic layers, as well as lower than the bulk counterpart. Whereas, the
stiﬀness of inner equivalent atomic layers is essentially a constant and higher than the bulk value.
7. Conclusions
The size dependence of elastic properties of ZnO nanoﬁlms (including the Young’s modulus and Poisson’s
ratio) is studied by using MM simulations, and the eﬀects of diﬀerent surface orientations and loading con-
ditions are taken into account. Both geometry and energy analyses are employed to clarify the intrinsic mech-
anism of size dependence and orientation dependence of elastic properties. The bond length variations of
diﬀerent nanoﬁlms and bulk are calculated and compared; in addition, the elastic stiﬀness is decoupled into
intralayer and interlayer components and compared with the bulk counterparts.
Upon three diﬀerent loading directions, the Young’s moduli of bulk ZnO are essentially the same (about
163 GPa), and the Poisson’s ratio is 0.38 within x–y plane and 0.26 for all other planes. For ZnO nanoﬁlms,
the elastic properties show strong size dependence and the results are also sensitive to both surface orientation
and loading direction. In most cases, the Young’s modulus of ﬁlm is higher than that of bulk, and it increases
1752 G. Cao, X. Chen / International Journal of Solids and Structures 45 (2008) 1730–1753with the reduction of ﬁlm thickness. Both Young’s modulus and Poisson’s ratio converge to the bulk values in
thicker ﬁlms. With the [0001] loading direction, the thickness-dependence of Young’s modulus does not seem
to be sensitive with surface orientation. When the loading direction is ½0110 and the surface orientation is
ð2110), the Young’s modulus is essentially invariant with t and it is close to that of bulk material.
The geometry analysis of undeformed atomic structures clearly shows that the ﬁlm surface undergo reor-
ganization: there is about 5–6% decrease of atomic bond length and about 8% increase of atomic bond angle at
the surface; on the other hand, for interior atomic layers, the atomic bonds quickly converge to a very slightly
stretched state and there is no obvious bond angle variation. The overall eﬀect makes the surface tend to
expand, which is more prominent for thinner ﬁlms and leads to residual compression in surface layer. Since
the surface expansion is constrained by interior atomic layers, the surface subjects to a compressive stress
imposed by interior layers, and the interior layers under tension. This leads to a residual compression-weak-
ened ﬁlm surface and residual tension-stiﬀened interior intralayers, through the nonlinear constitutive rela-
tionship of atomic structure – such model works well to explain the size eﬀect of elastic modulus of
nanoﬁlms where the intralayer strain energy dominates.
The geometry analyses of deformed structures show that under the same applied strain, the bond deforma-
tion is distinct for ﬁlms with diﬀerent loading directions, surface orientations, and thicknesses. The trend of
bond length variation is qualitatively consistent with that of ﬁlm elastic modulus. Since the bond length var-
iation in surface is less apparent than that in interior layers, the surface is conﬁrmed to be more compliant
than the interior layers as well as the bulk.
For the representative case where the surface is ð2110Þ and loading direction is aligned with [0001], the
energy analyses show that the elastic stiﬀness of both ZnO bulk and ﬁlms arise primarily from the intralayer
stiﬀness. Among the intralayers, the residual compression at the ﬁlm surface makes it more compliant; the cor-
responding residual tension in interior atomic layers stiﬀens the structure. In thinner ﬁlms, the residual tension
in interior intralayers is higher, which leads to the increased modulus and thus size eﬀect. Unlike the com-
monly adopted assumption that the trend of surface elastic modulus must be consistent with the size eﬀect
and the core has the same elastic modulus as bulk material (Chen et al., 2006; Gall et al., 2004; Kulkarni
and Zhou, 2006; Zhou and Huang, 2004), for the ZnO under investigation, the residual tension-stiﬀened inte-
rior atomic layers are the main contributions of the increased elastic modulus of nanoﬁlms when the ﬁlm
thickness is reduced. The contributions of interlayers, intralayers, and residual stresses are also dependent
on both surface orientation and loading direction. The mechanisms found in this paper may provide useful
insights for the development of a new model to explain the size dependence of ZnO nanoﬁlm, where the main
contribution comes from the stiﬀened sub-surface intralayers.
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